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ABGETRACT

The report describes experiments concerned with the effect of
varigus environmental facters on removal of alpsl nutrients, degree of
waste treatment, and extent of water regenermation accompliched with the
use of an algml-bacierial culture grown in a mechanically rotated culture
vessel (algatron). The report also describes size and operational
characteristics for & two-man environmental c¢hamber, outlines basic
cheracteristics for larger chambers in & space environment, and presents
a design to support two men.

In basic bilologlcal studies the highest algal daily yield was
2.8 g (dry wt)/liter of culture. Total nitrogen removal ranged from
70% to 90%; NHH-N, from 55% to 99%; PO,, from 30% to 80%; Ca, from 17%
to 70%; and Mg, from 0% to 13%. Extent of removal of PO, increased with
increase in phosphate dosage. Removal of volatile dissolved solids
ranged from 22% at a hydraulic detention period of 0.25 day to 38% at
1 day. Effluent BOD renged from 1k mg/l et & BOD loading of 242 mg/1/day
to 79 mg/l st & loading of 810 mg/l. From 87% to 91% of the incoming
volatile solids were stebilized at detention periods ranging from 0.25
to 1 day. Rate of water evmporation from the algstron ranged from 1.83
ml/sq m/min at a relative humidity of 80% to 11.8 ml/sq m/min at a
relative humidity of 45%. Accordingly, for solid and liquid waste
treatment, approximately 0.038 sq m of drum wall area would be needed
per kg of body weight.

A two-man ecological environmental chamber will require a 1f -foot
diameter by 16-foot high chamber, divided into two compartments of egqual
volume ~-a living compartment and a regeneration compartment. Within the
regeneration compartment the number of algatrons required will probably
not be less than 6 or more than 11 for each man. The 17 -foot by 1 -foot
chamber has sufficient room for 22 alpatrons, and hence may support 2 or
3 men during long-term isolation. The system will completely rerenerate
the atmosphere and reflux up to 12 gellons (45.42 liters) of water per
man per day. A design concept for larger manned stations would involve
horizontally rotating algatrons with axis of rotetlon parallel to a line
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rom the illwiiinombion source to the algutrons. This orlentation would
permit continuous illumination in a space configuration.

Studies on the effect of geometry of light source on algal growth
led to the development of e novel lightwelght culture system, the slgatron
system. The distinctive feature of the system is the culture of elgae
and associated bacteria as a thin film on the vall of & mechanically
rotated trancsparent drum. An effegtive mixing and a high rete of internal
recirculation is accomplished in the systen by the inccrtion of a suitably
Anctmed prove ard eovranristc tubinz. Thie syetem emn be zonvelted e a
continuous mode of operation by the installetion of a decanting probe and
an injection device. The algatron system in various verslons was used in
the studies on weste treatment during the three years of study.

Highest daily algal yield with any of the four versions of the
algatron used during the course of our studies was 2.8 grams (dry wt)
/1liter of culture. In studies on removal of algal nutrients (2nd year
of research), extent of phosphorus removal increased with increase in
phosphorus concentration of the medium, ra..ging from 3k mg/l at a POy
concentration of 46 mg/l to 9 mg/l at a medium concentration of 25 mg/l.
In experiments with a newer model of the algatron (3rd year of research)
sut under less favorsble ;rowth conditions, only 50% of the incoming PO,
was removed. Depending upon environmental aonditions as well as upon
the model of the algatron employed, total nitrogen reduction in concen=-
tration ranged from 70% to 98%; NHs-N, from 55% to 99%. From 17% to as
much as 70% of the incoming Ce was removed, depending agein upon the
type of algatron used and the environmental conditions. Very little Mg
removel occurred under any of the conditions applied in the studies.

In the studies on waste treatment, loadings of feces and urine
suspended in sewsge were applied that ranged in BOD values from 242 mg/l
to 810 mg/l. The BOD of the effluent ranged from 14 mg/l at the lower
loading to 79 mg/l at the higher. Removal of total dissolved solids
ranged from 22% to 38% at hydrsulic detention periods from 0.25 to 1 day,
end biomass detention periods from 1.7 to 6.1 days. Greatest reduction
(38%) was at a 0.5-day hydraulic detention period and a 3.0-day biomass
detention period.

Water evaporation from the algatron ranged from 1.83 ml/sq m/min
with the unit sealed in a capsule (ambient relative humidity, 80%) to
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11.8 ml/eq m/min with the unit in the open (relative humidity from 45%
to 60%).

During the course of the 3-vear contrect perlod, the microterella
design was further refined and the unit was made completely portable
except for power source by installing it in & relay reck. T unit was
equipped with an algrtron in the third yvear of the perlod. In studies
during the third year on effect of detention perilod and urea additive
concentration on algal vield in &an Algatron when functioning az a com-
poncut of lhe micruieiclils, permissible urca desage was £2ur? to be less
with the algatron system (100-150 mg/1 of medium) than it was witlli a
conventional batch type culture (250-300 mg/l of medium). A maximum
yield of 2.8 g/1/day was attained at & detention period of 0.75 day, urea
dosage of 100 mg/l of medium. This maximum yield was 12% greater than
that obtained with the batch type of culture system. In addition to the
genetic factors, light apparently was a limiting factor in the study,
since the algal concentration of the culture was almost the same at the
3.75 and 1-day detention periods; the yleld, of course, was lower at the
latter period.

The studles completed clearly indicate that through & combina-
tion of biological and physical systems fitted together in proper scale,
it should be possible to regenerate air and weter indefinitely in a
menned lsolated system utilizing sunlight as the primery source of
energy. Food, however, will be a limiting factor because algae can only
be utilized to a limited extent as & food for man, particularly when
grown directly in his wastes. Thus, it is concluded that nonrepencrative
food must be supplied to man in such a system. For voyaees of lengths
forecast for the foreseeable future, about one pound of dchydrated food
per day per man should be sufficient to meet his basic dietary needs.
The nitrogen content of cne man's focu will be about 20 grams, whereas
the nitrogen content of algee produced to meet one man's daily ox;yen
requirement will be about 4O grams. Thus, a deficit in nitrogen between
human diet and algae 1s about 20 grams of I per day. This deficit must
be made up as supplementary nitrogen to the algal cultures. At 20 grams
per day the supplementary nitrogen requirement would be about 20 pounds
per man per year. Similar calculations indicate that aboutl two pounds

of phosphorus and perhaps one pound of trace minerals would alsc Le
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required to supplement human sewage as & nutrient for algse in order to
maintain an efficient regenerative culture. Thus, about K00 pounds of
dehydrated foods and mineral suppleménts will be required per man-year.
Az these substances are utilized, dehyvdrated algme will be produced in
the system and stored in place of the food and supplements consumed.

Because of the favorable results ctemming from this contract
work, the University of Californis has independently undertaken the task
of actunlly constructing & full-scale mBnned eccologleal system patternsd
after the microterella. The system will be completed in early 1968. In
it two men will be ~urro-ted 8 indicated above in simulated voyeges of
increasing durations. Microbilological regeieration of tueir wastes into
oxygen and potable water will ve studied in detail as will their nutri-
tional and other physiological and psychological requirenents. Results
of studies which will be made with this closed regenerative system will
be highly pertinent to long-term life support in lunar bases or in
permanently manned orbited stations.

vi




TABLE OF CONTELTS

Page

ABSTRACT  © v v v v o v o 0 o v e e e e e e e e 111
LIST OF TABLES « « v v v v v v v vt h s v e e e e e v %
LIST OF FIGURES + + v v v v v v v v e v e o o e e e e 0 a x1
T.OTHNTROMISTTON . v v v v 4 v v e e e e e e 1
1.1 Resumé of First Two Years of Research o+ « « « « « o+ . 1
g, First Year . o « « v v v v 0 e e e e e e e s 1
b. Second YeBr . v v v v e 0 v h a e w e e e s 3
1.2 GScope of the Investigation . . . « « « ¢« « « v . o ., 15
1.3 Conduct of the Investigetion « « +« + « v v v v o v 4 i
2. MICROTERELLA + + + « v « v s 4 0 v v 0 v v e v o n e e e N
2.1 Modifications . . « « o v v 0 v 0w e e e e e e e e s r
2.2 EBExperiments . . . v 0 0 0 0 b s h e e e e e e e e <
8. Procedurs . « v v 0 0 0 0 0 0 e e e e e e e e -

be Results .+ + v v v v v v v e e e e e e

e, PDlescussion + . v v v v 0w 0 0w e e e e e 10

3. ALGAE NUTRIKHT REMOVAL « « ¢ « & v o v v v v o v o 0 0 o il

N

3.1 Deseription of the HNew Alpatron UInits . o+ v v o o+ . 11

3.2 Experdments o o 0 0 o 0 v 0 0 0 0 e e e e e e e 17

Be RosoUlts o v v v v v v e e e e e e e b
¢c. Disceussicn « v v o 0 v e v e e e

he WASTE TREATMENT - DYSTEM OF PRETRIATMENT ALD ALGATRCN




TABLE OF CONTENTS (continued)

Page
5. WASTE TREATMENT - SYSTEM INVOLVIHG AN ACCELERATED
BIOMASS IH AN ALCATRON Vo e e e e e 22
5.1 Introdustion . L 0 v a0 0 v 0 0 e e e e e
S8 Operatiol 0 L L 0 0 e s e e e e e e 23
a. Intérnal Recirculation « « « v v« « v v v v 4 4 2%
b, External Recirculation . . . . . + .+ v + . . .. 26
55 T11umingtion « v v s v v v s v h e e e e e s e e 27
S.h Temperature .« o« c 0 v b v h e e e e e e e e 27
5.5 Medium - Characteristics . . v . « « « . « v v v o ., 29
5.6 Medium - Preparation and Sampling . . . . . . . . . . 30
5.7 Biomass ~ Organisms cnd Source . . + . . . . « v .« . . %5 .
5.8 Biomass ~ Concentration . « « « + « v v v v e w4 . 35
5.9 Resulbs o v v v o v v u e e e e e 28 .
a. BOD and Nutrient Reduction . . . . . . . « « « . 38
b. Nitrogen Removal . + « v v v v ¢ v 4 v 4w aa 38
¢. Phosphorous, Calcium, and Magnesium Removal . . . 38
d. Relative Capaclties of Chlorella and QOscillatorias
in Treatment . . « . . o ¢ 0 0 0 4 0 0 e 4 e e Lo
e, Biomass CGrowth Rates . . . . . . . . . . . . . .. Lo
f. Water Regeneration . . . . . « « + + « « 4 . ., ho
#. Oxygen Regeneration and COp Absorption . . . . . . Lo
€. REAERATION RATE - + © « « ¢ v v v v o e vt e e e e v I
T. DESIGH CONSIDERATIONS . +« + « v v v v v v v v v v a4 v L7 .
7.1 Recirculation of Biomass in the Algatron System . . . L6 .
4. GCeneral Considerations « .« « v o v v 0 o o L L6

viid




sibmbion e s l.nmawmﬂ'-; .

gj

H

E TABLE OF CONTENTS (continucd)

t Page i
§» b. Retention of Biomiss + . .+ « . . . Co ho %
3 . Separation and Recirculation . . . « . . . . . 59 i
[ =
i 4. Reeirculation System Design and Calenlatiens . o0 K
E

' 7.2 The Integrated Biological System . . . . e e 50

v 8. SUMMARY AND CONCLUSIONS + « « + v v » « v 40 v o PR (3

1]

t B.1 Microterella . + « + v« ¢ 4 4 e e e e e e e e r3

‘ 8.2 Algme Nutrient Removal . . . . . . . e e e e 3

% 8-3 Waste Treatment L S S S T T T [ T ) . ’)‘

z

f &, Pretreatment « Algatron Arrangement . . . . . . . (h

!

Y b. Direct Injection of Solid Wastes . . . . . . (h

|

% c. Water Regeneretion . . . . . . . . . . . . . (5

:

? 9.4 Design Considerations . . . « . . « « v v v . . . , (5

%

3 REFERENCES . . + v « v o ¢« « v o« v L I ) t

L

¢

i

!

i

ix




Table

I.

II.

IIT1.

Iv.

VI.

ViI.

VIII.

XI.,

XIiI.

LIST OF TABLES

Title

Average Concentralions of Calcium, Magnesium, and
Phosphate « « « « v ¢« 0 0 0 0 0 0 e .

Important Dimensions of Various Components in the
Algatron Used in Solid and Liquid Waste Treatment

Waste Production by a "Standard" Man . . . . . . . .

Composition of Primary Sewege Used in Preparing
Influent Feed . .+ . « « v « v « v ¢ 4 v ¢ o o

Influsnt Feed Components . « +« + « « « v ¢ « o + o
Influent Feed Composition . . + « v « +v « v o o 4 &

Characteristics of the Wastes Discharged Dy &
"Standard" Astronaut « .« . 0 0 f 0 0 e 0 0 .

Proportional Composition of Feed Supernatant . . . .
Relative Composition of Initial Algal Cultures . . .
Crganic and Nutrient Reduction . . . + . « . « + .
Yields and Biomass Growth Rates . . . . « . + . « .

Rate of Oxygenation in the Horizontal Algatron . .

d

20

a5

29

30
33
b

33
34
36
39
b1
bs




Figure

1.

-4

10.

1l1.

12.

13.
14,

16.

LIST OF FIGURES

Title

Effect of Urea Concentration on Daily Alg&l Yield
in the Algatron . . .+ . . . « . . Co e

Effect of Detention Period on Daily Algal Yield
in the Algatron .« . + « « « o o 0 e 0.

Schematic Diagram of the 18 in. by 48 in.
Vertical Algatron . . . . e e e e e

Mounting Details for the 18 in. by 48 in.
Vertical Algatrons . . . et e e e e

Construction and Bearing Assembly Details for the
18 in. by 48 in. Vertical Algatrons . . . . .

New Model Algatrcas Operating in Tandem . . .« . .

Algatron System Us. ‘'n Solid and Liquid Waste
Treatment . . . v e Ve e e e e e e e e e s

Lighting Arrangment [or Intensive Waste Regeneration
in the 24 in. by 12 in. Algatron . . . « . . . . .

Biomass Yield as & Punction of Loading . . . . . . . .

Horizontal Algatron . . . « . « v « v v v 4 0w e

Expected Relation Between Blomass Concentration (X), the

Specific Growth Rate (u), and Net Yield (Y) . . .

Method of Retaining High Concentration of Biomass and a
Rapid Flowthrough of the Liquid Phase .

Schematic Diagram of Algatron Recirculation

Schemztic Diagram for Waste Treatment and Regeneratica
for Ore "Standard" Astronaut e e s

Schematic Design of Toroidal Space Station Showing
Algatron in Illumination Chamber . . . . . . .

Artist's Conception of Hypothetical Space Station
with Algatrons Viewed from the Sun . .

xi

12

15

Lk

15

2L

28
L2
Ly

La

51
b))

57

(1

V]




5B W ERUI S B e nn s esae g g e S

o i iy

1. INTRODUCTION

1.1 Resumé of Pirat Two Years of Reseaych

&, First Year. Work during the first yeer of the research wus
concerned with: 1) a determination of optimum conditions for algal growth,
primarily with respect to geometry of light source; 2) the design and
operation of a specialized waste unit to obtain maximum waste treatment
per unit of weight and volume of culture; and 3) the development and opera-
tion of an advanced model of the microterella to be followed by an investi-
gation concerned with the capecity of the system

Studies on the effects of the geometry of the light source on
algal growth chowed that a bileteral-alternate arrangement of light source
(150-watt reflector flood incandescent lamps) is more suited to algal
growth than are the btilateral-cpposite and unilateral arrangements.
Average yields of 610 to 690 mg/l/day were obtained with the bilateral-
alternate arrangement. Some evidence of ligut damage was noted, in that
the chlorophyl content of the cells was only 0.87 percent. Average yilelds
with the bilateral-opposite arrangement were from 510 to 605 mg/l/day,
and the chlorophyl content of the cells was 1.22 percent. With the uni-
lateral arrengement, the yields were from 513 to 598 mg/1/day, and the
chlorophyl content of the cells was 1.T% percent.

in line with the search for means of increasing the efficilent use
of light energy by the photosynthetic member of the algasl-bacterial
symblotic culture, it became obvious that a drastic departure in design
from the concept of the conventional growth unit would have to be made.

The 1deal design would have to be simple in construction and operation,
preferably should function independently of gravity, provide & thir “ilm
culture with & minimum of hardware, permit full-scale gas exchange, and
allow for bilateral illumination. Confinement of culture between glass

or plastic walls as is done in conventional unlts to accomplish depth
control, illumination, and mixing involves great difficulty in keeping

the confining walls sufficiently clean to permit the unimpeded entry of
light, in aerating the culture to bring avout gas exchange, and in cooling

the cultures so as to maintain a proper thermal environment. The use of

-1-
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a8 double-walled vessel also results in a high ratic of growth unit teo
active culture weipht.,

The search for the ideal culture system led to the development
of the “algatron" system, namely one in vhich a culture is grown in a
mechanically rotated transparsnt drum. Since s detailed deseription and
discunzion of the prineiples involved in the design and operation of an
algatron system were presented in detail in fthe first technical report
(1), only & brief description of the more important features is given at
this time. As the drum rotates the frictional drag of its wall on the
culture imparts a rotation to the culture that is essentially equal to
its own. Under the applied forces, the culture suspension flows out of
e reservolr and spreads as & vertical sheet upon the inside of the
rotating drum. The algatron is operated as & chemostat by the installa-
tion of influent injecting and effluent decanting devices. The influent
system can consist of any suitable injection mechanism., The effluent
system preferably should be a decanting scoop positioned so that the
distance from the drum wall is equal to that of the depth of {the culture
when it has reached the desired volume. Any injection of media that
would cause the depth to exceed the clearance between the scoop and wall
results in the removal of th. excess liguid. Effective mixing ie
accomplished by placling & prote in the path of the rotating liquid.

The introduction of the probe creates a wake in which turbulent miring
occurs and thus brings sbout rapid and continuous renewal of the culture
surface and consegquent gas exchange between culture and ambient
atmosphere.

The principles of the design and operation of a horizontally
oriented algatron are much the same as those for a vertical system.

The chief differences would be those concerned with the vertical climdb
of the liquid and the reservcir desisn.

Experiments with the algatron system during the first year were
confined to the use of a preliminary model. This prototype resulted in
a maximum daily yield of 2.255 g of algae/liter. .

Studies on waste treaiment consisted in a continuation of studies
begun under previous contracts on the use of a system which consisted of

a specinlly designed algae growth unit and an activated sludge unit acting
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in tandem [2,3], the operation of which wes based on the differential
settling churacteristics of algae and bacteriml sludge. As in previous
studies involving the application of the sume principle, sludge transport
proved t6 be a problem. However, a maximum totel dissolved solids
destruction rate of 0.960 g/l/day was obtained, The studies on waste
treatment were extended to include a determination of the feasibility of
removing by electrodiaslysis the dissolved solids remaining in an algal
culture medium after the algae had been removed. Estimates made on the
basis of the studies indicate that the power required to remove salts not
eliminated ir the biological weste treatment system would be from 1.8 to
2.4 kw-hr/day/10 men.

During the course of the first year, a new model of the micro-
terella was constructed in which refinements of previous designs [2,3]
wvere incorporated. The new model was instelled in a relay rack contain-
ing all of the ancillery equipment needed to make the unit completely
portable and independent of any fixed utilities except power. Experimen-
tation with the unit was concerned with making a determination of the
effects of temperature variations of the culture, living quarters, and
coll on the amount and rate of formation of condensate. At temperature
conditions suited for optimum growth of the algame (30° to 32°C) and
comfort for the crew (23° to 24°C), and a cooling coil temperature of
10°C, a yield of about 5 liters per square meter of ¢ooling coil surface
per day was obtained. However, the relative humidity in the living
quarters was on the order of 65 percent. The latter could have been
lowered by reducing the temperature of the cooling coil.

b. BSecond Year. Subjects of study during the second year of
research were: 1) the determination of the combination of environmental
factors needed for bringing about the most efficient functioning of the
algatron and the microterella systems with respect to gas exchange, waste
disposal and treatment, and water exchange; and 2) the preliminary design
of & unit in which two 70-kg mezn could be made a part of & closed
environmental system.

In experiments involving the algatron, and in which ¢the effect of
various environmental factors on vield was determined, maximun vproduction
(1.5 g/1/day) was obtained when the detention period of the liomass wes
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.97 day, and that of the liquid phage, 0.75% day. Inamcmuch ag yield
continued to increase as 1light energy flux was increased, the limiting
factor with respect 4o vield was light erergy flux, (Maximum light
intensities at the inner and outer surfaces of the culture that could
be attained with the lighting arrangment were 270 and 225 ft-e,
respectively.)

No difference was observed in emount of yileld under identical
combinations of environmental factors when either QOscillatoria sp. or
Chlorella sp. constituted the most abundant organisms.

As measured by BOD reduction and increase in stability of
volatile dissolved sclids, from 87 to 91 percent of the influent unstable
dissolved solids was stabilized in a single vmass through the algatron
system at a liquid detention pericd ae short es 0.25 day. The uniformly
high rates of BOD reduction and increase in stability obtained et all
of the liquid detention periods tried in the study (0.25 to 1 day)
indicate that the detention period could be reduced to less than 0.25
day. Within the range tried, 1.7 to 6.1 days, no difference in stabi-
lization rates could be attributed to btiommss detention period.

Within the range of the experimental conditions epplied in the
study, the principal factor affecting the removal or loss of P, Mg, and
Ca was the extent to which the influent concentration of these elements
exceeded that needed for growth of the algasl cells. The greater the
excess, the greater was the loss due to precipltetion or to causes other
than assimilation. Therefore, the efficlent use of these elements
requires that they be added to the nutrient medium in amounts approxima-
ting those anticipated as being needed for full algal growth. At short
blomass detention periods, the initial concentration of ammonie-nitrogen
seems to be more decisive in determining the extent of removal than does
detention period of biomass or of liquid. Except at the 6.l-day biomass
detention period, all of the removal of nitrogen could be accounted for
by that in the algal cells, assuming & nitrogen content of 7 to 8 percen’
in the cells. Only 52 percent of the removed nitrogen could be accounted
for when the bilomass detention period was (.1 days. The uraccounted for

fraction ma; have been lost as & result of volatilization.
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The experiments on water exchange were done with the algatron
sealed in an illumination sphe-e [4]. At the highest applied light energy
Tiux, the rave of water recovery was 1.9% ml/sq m of wall surface. Rate
of water loss, ag ,judged by rate of recovery, was hlgher from an aleal
suspension than from water {containing nutrient salts in a concentration
identical with that in the algsl suspension) undey any of the appiied
conditions. This difference cannot be attributed to their viscositiesn,
since they were ldentical in that respect. At & low light etergy flux,
rate of water loss from a carbon black suspensicn was less than that from
the algel suspension and from water oaly. However, at the highest applied
light energy flux, rate of water loss from the carbon black suspencicn
equalcd that from tne algel suspension and surpassed that from water alone.
The lower rate ol water loss at a lower light energy flux was due to thae
greater viscosity of the carbon black suspension--about 31 percent rreater
than thaet of the algal suspension and of water alone.

Essential components in a preliminary design of a two-man (70 kg
each) capsule for long-term life support were established as being 1.2
lb/day of material in the form of dehydrated food and minerals, lavatory
facilities, a 10-gallon waste liquefier, twenty-two 18 inch x 48 inch
alyatrons and associated illumination systems, a 30 sg m condensing
system, and necessary fans to provide air trencpert for COz, 05, and
water vapor. The atmosphere of the system was to be maintmined at 21%

%

nitrogen in space. Details of the characteristics of the decigned sy suem,

oxygen and 80% nitrogen on earth or, theoretically, 0% oxvper and ¢

parameters established for attaining environmental contrcl, and desipn

elements of the system were deseribed in the gsecond technical raport [4].

1.2 Scope of the Investipation

The work summarized 1in sectlon 1.1 snd that dene Jduringe the Lhard
year of research were conducted in accordance with o plan ¢f study dsolyned
to attain the cblectives listed irn the first wil socond aunuml repoertc and
the following: 1) Determination of the extent ¢f ras cxehansa, waste
disposal and *veatment, and cther reclamaticn .Ates tLhat are astulnalle
in the microterells and alpatreon systems as iniluenced Lyt a) ledens icn

poried of culture, L) lieht intensity, o) Loillsp ef dovomper it




resistant orgenic constituente in the system, d) ratic of mlgal-bacterial
cialture weivhi to weight of supported animals. 2) Determination cof the
titimum weight and energy requirements of the microterella systems
somponents,  3) Using the microterella and algatron systems as bases,
continuation of Work on the design of a unit in which two TO-kg men would
be a part of a closed environmental system.

Attempts were made to study the composition of the reclaimed water
with respect to Cu, Fe, and Cr, and toxic materials. Procedures reported
ir Standard Methods 12th ed. and Official Methods of the Assoc. of Oificial
Apgricultural Chemists, 9th ed. were tried. The attempts proved unsuccessful

because of the highly complex materials occurring in these waters.

The major part of the effort during the third year of the contract
period was spent in developing procedures for maintaining hignly ~oncen-
trated symbiotic (algse and bacteria) bilomass in the algatron under
conditions permitting the application of very heavy lcidings at very short
detention periods with & minimum volume and weight of liquid within the
reactor.

Studies on the use of highly concentrated tiomass and short
dutention periods were condiicted with the use of the amlgatron of the model
described in the second annual report. During the third year, further
studies were made on improving the design of the algatron. As a part of
these studies, two tall vertical models powered in tandem, and a4 horizontal
model were constructed. The two vertical models were used in studies on
the removal of algal nutrients from waste water and on yield of algae; the
horizontal model was used in reseration studies. Toward the end of the
second year, an algetron was instelled in the microterella. Because of
the degree of minjaturization necessitated by the small physical dimensions
of the microterella unit, operaticnal difficulties were unavoldable. The
early part of the third year was spent in developlng methods for minimizing
the difficultics. Studies were conducted on the effect of the key environ-
mental fectors, Jetention pericd, and llght on the yield of algae and the
oxygen production in the microterellsa.

‘nurine the third year, the design of & two-man unit was advanced
to include the size and configuration of the reflux cendensation and

wuste treatment units.




1.3 Conduct of the Investigation

Toe investigative work reported herein was carried on durine the
pericd 1 March 1905 to 1 August 1966 by the Sanitars Enginesring Research
Ishoratory Of the University of California, Berkeley under contruct
AF 19{€28)-2Lf2 between the Alr Force Cambridge Research Labtoratoriss,

Ot'tice of Aevospace Research and The Regents of the University cof California.
£.  MICROTERELIA

2.1 Modifications

The microterella complex used in the irvestigations durine the
third year of the research period was the one desceribed in the 197h-¢5
report [(4]. The installation of an algatron in the microterella coemplex
(¢#. Ref. [4]) necessitated a number of modificetions of the alpal-tacterlal
culture system prior to instituting an expeorimental program.

Because of the centrifugal field set up by the rotaticn cof the
algatron, algal cells collected on the wall of the unit. By means cf a
timer inserte- into the system, the algatron was inactivated for s S-minute
period each hour. As the algatron came to rest, the culture would degecend
to the bottom of the unit, carrying with it cells deposited on the alratron
wall. The frequency of the stops prevented any film from adnerini to the
wall.

Ac originally designed and descrited in the 1274-0% report, the
mixing probe was intended *o serve a threefold functicn, viz., mixine,
effluent dlscharge, and recirculstion. However, the collecting port in
the probe proved unreliable as an effluert discharge due to cloraine,
Consequently, another discharge system was substituted. The new srotem
involved the use of a metering device {dacerited in dstall in tha 100 %= .
annual report [1)) in conjunctior with a Slema prmp an’ effluont tute, o
arranged as to dip Into the culture ouly durir, the tims Lt .o ai the
tottom of the algatron during the Heminute guisooent pericl., Ag e aloatren
came to lts hourly pause, the Sipma pump wag actlivoted, penpins oilture
from the effluent intare to the meterine duvice untlil a preletomsingd
amount was collected. Ther it stopped furetlonine, Widh ool an arrun,e-

ment, no was was premoved {rem the gycterm, cinae the oO0any lnluse wao
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aubmereed during the pumping period. BSuch 2n arrangment would not bve
rogiiired in a man-sized unlt gine~ the collecting opening in the mixing

probe would be made lurge encugh to preclude clogging.

2.2 bxperiments

Experiments coniducted with the use of the microterelles Wwere con-
cerned with determining the effect of urea concentration, of detention
pericd, and of light on the deily yield of algae ih the systam, and
thereby on the life support cepacity of the system with respect to mice.

a&. Procedure. The trays were kept in position during the
experimental runs. The detention perlicd was generally held at one day
but varied from 0.5 o 1.5 days in experiments on the effect of detention
period length. The culture tempersture remained at 30° to 32°C during
all of the experiments. Four side lamps (150-watt, outdoor projector
spot lamps) and one bottom lamp (500-watt, G.E. Quartzline lamp) were
used ac light sources. The effectiveness of the bottom light as an
illumination source was determined by comparing the daily algal yields
obtained with the bottom light off, with one on, and with two on. Sewage
enricned with urea (100 mg/l) was used as the medium. In the experiments
concerned with urea dosage, a synthetic medium (300 mg each of MgSO,°TH0
and KHaPOq and 1 ml of Arnon's trace element solution [5] per liter of
distilled water) was uced. Dosage of urea was varied from O to LOO mg/1
of medium injected into the culture.

b. Results. The effect of urea dosage on daily algal yield is
indicated by the curve in Fipure 1, in which average yield at each con-
centration ls plotted as a function of urea concentration in the medium.
Deviaticn from the average value ranged from +47 mg/l to -49 mg/1.
Maximum yicld wuc obtained when the detention period was 0.75 day, as is
shown by the curve in Figure 2, in which dally elgal yield is plotted as
a function of length of detentlon period. Deviations from average values
for culture concentrations In the expariments concerned with detention
perlod raneed from -h' to +32 mg/l, except for those at the 0.75-day
detention perlod, in which the range was from -103 to +90 mg/l. Dailly
yield in the slsencc of bottom illumination ranged from 1398 to 1478 mg/l
and averaged 1ka2 mﬂ/l. With two of the Vottom lights functioning, the
average daily yleld incremsed to 2092 mg/l (range: 2002 to 2139 mg/1).
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Tne average daily yield dropped to 1981 mg/l upon the removal of one of
the twe tettem lamps. Range of yvield in this case was from 1879 to
20L% mg/1.

¢. Dlzcussicn. The experimcnts concerned with urea dosage showed
that innibitiorn of aleme growth occuis as the coneentration of vrea in
the medium exceeds 100 mg/l. The permissible dosage of urea is lower
wilen the algatron system of algae culture is used in the microterella
than when a conventional Latch-lype system is used; since in the latter,
urea concentrations in the medium as high as 300 mg/l resulted in no
apparent adverse effects. The lower per.issible concentration when an
alegatron is used may be due to sn enhancement in rate and extent of
decomposition of mouse wastes because of a more effective and complete
gas exchange. The increased rate of breakdown may result in the prouuc-
tion of ammonia-nitrogen at a rate faster than it can be assimilated by
the algae. Consequently. a buildup of the compound may ensue when the
concentraion of urea is too great.

The drop ir daily yield upon lengthening the detention period
from 0.75 day to 1 day may be attributed to light becoming inhibitory
rather than to an increase in age of cells and change in environment
with increase in time. The culture concentration remaineé relatively
constant during =xtension of the detention period. Tt averaged 2112
mg/l at the 1-day deiention period and 2116 mg/l at the 0.75-day period.

Light remained & limiting factor even with the combination of the
two bottom lamps and the side lamps cupplying the illumination, despite
the indications to the c-ntrary given by the very small increase in
yield upon increasing the number of hottom lamps from one to two. The
failure vo obtain a more substantial increase was due to lack of a means
for deflecting the light into the culture. Consequently, large-scale
increases in light outpuc resulted in only very small increases in the
amount cf light actually reaching the cultu.e. Tllumination of th: inner
curface of the spinning culture was less thean satisfactory.

The culture volume reguirements per gram ot unouse were reduced
somewhat from thcse with the batch-type setup. Cn the basis «o & 9C-mg
requiremsnt of cxygen per gram of mcuse per day, CO mg of alpgae would

rave to be produced per gram cf mcuse per day. At the maximum daily
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yield obtained with the algatron system in the micrcterella, viz., 2.8
g/1/day, the culture volume requirement would be 0.021 liter per gram of
mouse. Since in experiments with the batch-type culture 2], the highest
yield was 2.5 g/l/day, the volume requirement with such a growth system

would be 0.02k liter of culture/gram of mouse.

3, ALGAE NUTRTENT REMOVAJ,

As & part of the research work, attempts were made to increase
the efficiency of the algatron system by suitably altering the design
cf the unit. 1In line with this phase of the research, two new units ware
constructed, and experiments were conducted on algae nutrient removal.
The two units werr Installed and tested in a semi-closed charber.

3.1 Description of the New Algatron Units

Eacn of the two new units consists of an appropriately designed
plexiglas cylinder & ft in height and 18 inches in diameter. A schematic
disgram of the arrangement and the construction of the algatrons is ghown
in Figure 3. Mounting details for the units are shown in Figure 4 and
construction and bearing assembly details are shown in Figure 5. A phcto-
graph of the installed units in operation is shown in Figure 8. As is
evident in the photcgraphs, the two units are powered by a common motor.
Timing belts were used to impart the rotational force from the motor to
drive gear of the individual units. The units were supported by bearings
at the top and bottom of the cylinders.

As is indicated in Pigures 3 and 4, tne algatron cylinder has a
series of plastic ledges (width 1 inch) installed at intervals (% inches).
Each Is perforated at 4 equidistant points by three serially arranged holes,
1/4, 3/8, and 1/2 inches, respec.ively, from the wall of the cylinder.

The ledges wa2ire installed to provide & more uniformly tuick culture layer
than would nave been possible were no ledges present. As is to be expected,
in the presence of a gravitational fi~1d, the culture in & rotating vertical
¢vlinder would assume the configlLrstion of & triangle in cross section,
i.e., tre culture would te deepest at the bage of the cylinder, and shal-
lowest at the top. 1In & cylinder & ft high, the base depth would be

excess: e and the top depth nonexistant. The insertion of the ledges
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resulted in the formation of a series of small "trimngles," and consequently
g smaller differance tetween tase and top depths. Moreover, by passing

the liquid over a series of ledges, the travel time of the liquid throursh

the algatron is lelier controlled and lengthened. The pertorations in the
ledpges permit the 1iquid teo flow frem ons level bto the next. The base

depth of the layers ¢f culture in each section was determined by the distance
of the first open perturation frow the aleatren wall.

The mixing, recirculation, and discharge probes, &as well as the
influent structure, were mounted on and in a stainless steel tube (cf.
Figure 3).

Th2 mixing probes consisted of strips of aluminum about 1/8 inch
in diameter and 4 inches long. Fach strip was bent about 1/2 inch from
the tip to form & right angle hook. The curved portion of the hook was
opposing the directicon of the rotation of the leyer of culture. The first
type of recirculation sccoop to be tried consisted of a pilece of aluminum
tubing (l/h inch in diameter) shaped in such & manner that culture liquid
would be channeled into it. Although it very effectively scooped up liquid,
it soon was clogged by hair and other debris which were caught in the rough
edges of the cut tubing. Probably the problem could have been overcome by
carefully machining tne cut end of the tubing. In the experiments described
in this report, "streamlined" probes served as recirculation scoops.

The recirculation intake was at the base of the cylinder, and the
discharge at the top. A "T" was inserted in the recirculation tube so
thut a part of the recirculating culture could be discharged from the
system; and thus sevved as the effluent collecting and discharge device.

The recirculating liquid thet was discharged into the top layer of the
cylinder slowly traveled to the bottom of the cylinder, i.e., through each
ledge, and was apain scooped up and introduced into the recirculation
system.

The infliuent cystem consisted ¢t a Sigma pump and tubing to and
into the aleailron. The discharee end of the feed tube was located at the
second-from-the ~top ledee of one algatron, and at the bottom section of
the other by way of the recirculation scoop. Locating %he influent dis-
charge tube at a tep level minimized short-circuiting of' incoming nutrient

to the effluent port, oince the incoming feed had to travel to the bottom
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of the ecylinder before coming into contact with the recirculation-effluent
sygstem. The principal advantage of the second system was that the feed
process served as a flushing device for the recirculation probe. The
chief disadvantage wus the proneness to short-cireuitine. The Siema pump
was connected to & timing device oo that the length of the foed injection
period could bYe varied. Dosege was regulated by means of length of time
per hour the pump was activated, diameter of tubing, and speed at which
the pump was operated. A simple effluent repulation device was used. It
consisted merely of restricting the flow from the units Yy means of a
acrew-type pinch clemp. The method proved satisfactory for the prealimi-

rary experiments that were performed.

3.2 Experiments

&. Methods. Experimenis involving the use of the new units have
been few in number, becuuse they were only recently completed to the opera-
tional stage. The experiments were intended to determine the performance
¢f the new units under minimal conditions. Conditions were perforce
minimal because lighting was inadequate, and CO; concentration and rate
or feed were lower than would we encounterzd under more "normal" condi-
tions. One unit, designated “right" column, was ventilated by &
"squirrel-cage" blower placed st the top of the cylinder. The other
designated the "left" column was ventilated by convection. Judging from
the comparntive rates of evaporation, air flow through the "right' column
was twice that through the "left" unit.

Illumination was accomplished by placing five 500-watt G.E.
"Quartzline” (Iodine vapor) lamps in a semicircle in front of the two
units (2-1/2 lamps per unit). A major disadvantrge of the lighting
arrangement was that the cultures could not be illuminated uniformly
from top to bottom. For example, the lipght intensity ranped from 4%
ft-candles at the top and bottom extremitles of the cylinders to 90
ft-candles over a fi-inch band at & point midway up the cvlinders and
directly in line with & lump. The lamps wore pleced approximatocly % feet
from the cylinders. Because the units were mounted on a wall, atcout 1/%
of each cylinder wac in the dark at & given inoctant. The culturcs were
not bilaterally illuminated,




In the sxperiments the input rate of the feed was adjusted for
low effivent discharge and high ligquild evaporative loss. The Liomass
was not narvesied during the five-day period of esch run. In fact, the
alsatrons were not shut down at any time during a 5-day run. As a rasult,
& leyer of algae was deposited on the cylinder wall. This layer increased
in density as the rn prorressed, thus contributing to the light problem.

e culture volum: in the "right" column was held at about 9.3
liters (its capuacity was 26 literz), and that of the "left," at 10.6
liters {capacity, 2C liters),

As indicated by the above deseription, the principal differences
between the two units were the manner and degree of ventilation and the
method of feed injection.

b. Results. The "right" algatron culture had a loss of 2.25
liters in 5 days, whereas that of the "left" unit increased approximately
7 llters. Ac ctated before, both units were fed at the same rate, and
the rates of effluent discharge were approximately the same. The algal
concentration in the "r* ;ht" culture averaged 647 mg/l at the start, and
3120 mg/l at the end of 5 days (concentration mdjusted on the basis of
initial volume). 1Including algae discharge with the effluent, the daily
yield per liter of culture averaged 600 mg/l/day. The initiaml concentra-
tion in the "left" column averaged 470 mg/l; and the final concentration,
1515 mg/l. Including discharged algoe, the average daily vield from the
unit was 350 mg/l/day. Two algal types constituted the predominant
organisms, namely Chlorella and Oscillatoria. Qscillatoria surpassed

Chlorella in ebundance in the "left" unit; while the reverse was true in
the "right" unit.

The higher average daily yleld of algae from the right unit over
vhat from the left {5 another indication of the possibility of COz
deficiency in the left. The greater degree of ventilation provided the
right column assured a more abundant supply of COz. The yield was greater
than that which could be ov*tained from conventional growth units under
comparably unfavorable light conditions.

It should be noted that the effluent from both unitc always was
devoid of algac by the fifth day. The aversge increase in total dissolved

solids concentrntlon wns not as great as micht be expected. An average
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of 32 g (16 g/unit) of dissolved solids were fed the units during each
five-day perind. During each pericd, mn average of 1.2 g were discharesd
from the "rignt" unit with the effluent; and 3.9 g from the "lef:" unit.
The total amount of dissolved solids remaining 4n the culturs in tha
“right"” column aversged 4.9 g. On the basis of iultial volure of the
culture, the total disnolved solids conceniration initially was 37 mg/l,
and tinally, 520 mg/l--8n increase of 1€ mg/l in concentration. The
total amount of dissolved sclids remaining in the "left" column averaged
7.3 g+ On the basis of the initial volume, the discolved Bolids ecrcen-
tretion initially was 32k mg/l; and finally, 700 mg/l--a gain of 37 np/l.
The difference in rate of gain between the two columns could have heern
due to a variation in precipitation, a greater use of nutrient salt by
the algae in the 'right" column because of iis greater algal vield, or m
loss of liquid that may have been displaced t» splashing.

Effluent discharged from the "right" unit had an average total
dissolved solids concentration of 39k mg/l; and that from tre "left"
unit, 320 mg/1.

An average of |7 g of dissolved volatile solids were fed cach unit
during a %-day period. The initial volutile dissolved g6lids concentrs -
tion of the culture in the "right" unit averaged 150 mg/l; ard its finnl
concentration, 148 mg/l. Apparently, very little buildup of volatile
dissolved solids oceurred in the unit. The initiul volatile dissolved
solids concentration in the "left" unit was 125 mg/l; and its final,

155 mg/l. Thus, & bulldup of 30 mg/l cecurred in this unit.

The final dissolved volatile solids of the ef{fluent frcm the
"right" unit averaged 107 mg/l; and that from the "left" unit, % mg/l.

An average of 4.7 g of total nitrogen were fed cach unit during
& 5-day period. Of this, .3 ¢ (or 50%) could te azreounted for by the
algae produced by the "wight™ unit. Alpal preduction also dceourtel for
50% of the incoming total nitrogen in the "left" solumn. T total
nitrogen concentration of the final w{fluent from the "rirbt"™ oclump was
31 mg/l; and that from the "left"unit, 27 mefle The Lnfluent ecneenira-
tion averaged 107 mg/l. The NH. =l concentruticr ¢f the [nfluent avern,ed

51 mg/1; thut of the "ripht" unit'c Cinul offluens, - e/l mnd vy of

the "left" unit's final effluent, 19 me/l. The crounls nlvovces,
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acheantration of the influent averaped S¢ mp/l; that of the “"right" unit's
firnl affluent, 2% mg/l: and that of the "left" unit's final effluent,
) mg/l.

The avarage concentrations of caleium, magnesium, and phosphate
are listed irn Teble I.

TABLE I

AVERAGE CONCENTRATIONS OF CALCIUM, MACGNESIUM, AND PHOSPHATE

s e .

Ca Mg PO4
Item
€ (mg/1) | (mg/1) | (mg/1)

Right Unit Centrifuged Supernatant 9 26 13

Left Unit Centrifuged Supernatant 18 29 37

Right Unit Final Effluent 8 39 7

Left Unit Final Effluent 17 31

Influent <9 %3 15

Accerding to the table, a considerable bulldup was taking place within
the cultures, or on the drum walls, since the PO, discharged with the
effluent from the cultures was only about 50% that of the influent.

¢. Discussion. Despite the unfavorable illumination arrangement,
aprroximately T0% of the incoming total nitrogen and about 85% of the
IiHy-H were removed. About 70% of the removed nitrogen could be accounted
for a5 new algal cellular materisl. The rest could have been lost through
voletilization as NH--N or it could be only an apparent loss because of
experimental error made in the analytical procedures. The fact that the
phosphate content of the centrifuged supernatant was higher than that of
the finel effluent may have been due to the formation of colloidal
particles having a density not great enough to permit concentration by the
centrifugation applied In the analytical procedures, but yet sufficiently
great to permit a bulldup during the longer exposure time in the centrifugal
field cet up by the spinning algatron. Because of the absence of short-
circuitineg and the comparatively long time required for a given substance

to travel from the influent port to the effluent discharge, colloidal
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particles not dense enough to be separated by Lhe 10-minute centrifugation
{500 % g) applied in prepering A sample for anslrvais, would nevertneless
bhe retained in the mlpatron column.

The principal disadvantage of the new model was the diffizculty in
galning accass to the lowey preaches of the interior of the columi hweause
of the narrow diameter of the column in relation to its height. The

- coluting were lirtied to 18 inches in diameter., The i4-foot height of the
units was based on the required area to attain one-tenth the gas exchange

capecity required for one man.

4. WASTE TREATMENT - SYSTEM OF PRETREATMENT AND ALGATRON

The investigaetion on the use of the algatron for the treatment of
‘ solld and 1liguid body wastes from humans was started by establishing a
system in which the wastes would receive a certain amount of pretreatment

vefore being introduced into the algatron. This was accomplished by

connecting a differential settling type of unit to the algatron system.

i

l . This differential settling type unit was used in previous experiments on

1 waste treatment and has been descrited in detail in previous reports [2,3].
Such a unit cornsists of two chambers, one in which the contents are kept

in motion and a second in which they are maintained in a quiescent condi-

|

|

il

’ tion. Algal suspensicn enters the unit by way of the agitated chamber

| and leaves Trom the quiescent chember. 1In operation algel suspension

t scooped up by the mixing probe in the algatron is forced through the

| differential settling unit by the energy imparted by the rotational move-

i ment of the algatron. Overflow from the differential settling unit is

! channeled back to the algatron by gravitation. Thus, no additional energy
was required for the operation of the differential settling unit.

Feces, blended with settled sewage in a Waring blender, and the

- algal suspension from the algatron were lntroduced into the actlve chamber
of the differential settling unit. The detention time of liquid passinyg
through the differential settlir: unit was L0 minutes. Urine entered the

i ' algatron directly as part of the liquid medium fed the unit du-ine the

course of the day. Detention period in the alsatron was 1 day. In theory,

[ Y—.

the algal suspension thould have passed through the active and gquiescent

chambers without leoss of alegaz; while th: heavier btacterial flcc ard fecal
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perticles should have settled to the t n ¢ the quiescent cnaambexr and
gradually worked back to the active cha. In practice tnere was a

considerable loss of bacterial floc and fec particles from the cilfer-
ential settling unit into the algatron.

Only one loading rate was tried, namely, 2.1 g (dry wt) reces
and Tk ml urine per liter per day. In terms c” BOD, that coming from
the sewage and urine mixture ranged from 725 %o 839 mg/l. The auadition
of feces brought the BOD loading to 875 to 1060 mg/l. Depending uporn
loading, the effluent BOD ranged from a low of 1 mg/l to as high as 105
mg/l. The algal concertration in the algatron varied from 975 mg/l to
1475 mg/1. Odors ranged from negligible to a pionounced urine smell.

There was a wide variation in quality of the effluent due to
factors other than loading. The mixing probe lecame clogged and inter-
rupted recycling of algal suspension through the differentiazl settling
unit. Hence no dissolved oxygen was available to the bacterial population
in the unit. There was a cessation of waste treatment, & high BOD in
the effluent, and the presence of 8 strong urine odor. Clogging would
not necessarily be a factor in a full-scale system, since the influent
port in the mixing probe cf the algatron could be made much longer than
was possible in the present installation. There was also a loss of
bacterial floc and fecal particles from the differential settling unit
to the algatron, resulting in an increase in turbidity of the algal
culture in the algatron.

5.  WASTE TREATMENT - SYSTEM INVOLVING AN ACCELERATED BIOMASS IN
AN ALGATRON

5.1 Introduction

The aims of the series of experiments described in this section
were as follows: 1) In general: a) Determine the capacity of the photo-
synthetic reactor in its function in the algatron as a part of an inte-
grated biological system with respect to waste treatment, algese nutrient
removal, water production, and oxygen supply. ) Investigate the overall
functioning of the algatron at relatively high organic loadings and short

detention periods. 2) In particular: a) Evaluate the potential o the
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accelerated symbiotic bilomass-algatron system in BOD (blochemical oxygen
demand) reduction (i.e., conversion) and algae nutrient utilization in
situations in which human wastes are treated under space conditions.
b) Determine quantitatively the extent of water regeneration (low tempera-
ture distilled water production) that can be expected with the use of the
algatron system. c) Estimate the advantages resulting from the use of a
dense algal-bacterial synmbiotic biomass culture es a means of obtaining
maximum BOD and nutrient reduction, as well as oxygen production and carbon
dioxide absorption per unit of weight, volume, and surface area of the
reactor. d) Devise and evaluate methods of applying the separation of
biomass and the recirculation of a portion of the concentrated biomass
slurry as a means of maintaining a relatively high concentiration of reactor
biomass even at heavy hydraulic leoadings, i.e., providing long blclogical
and short hydraulic detention periods. e) Increase light conversion
efficiency of the algae by applying controlled internal mixing and recir-
culation to enhance substrate-biomass mixing and provide an optimum light
perlodicity.

The algatron model used in these studies, and which was described
in our previous reports, was modified as shown in Figure 7. Important

dimensions of the unit are given in Table II.

5.2 OQOperation

a. Internal Recirculation. To provide internal recirculation of

the culture, the mixing probe (Figure 7, item 12) was set so that 1.9
liters of culture/min were discharged intc the internal recirculation
system {Pigure T, item 11) at a point 15 em from the bottom of the drum,
and thus it provided a recirculation mixing ratio of 18 liters recirculated
culture per hour per liter of reactor (culture) volume, or 432 1/1i er-day.
The influent was injected into the recirculation system prior to redischarge
into the culture. No added source of power was needed for the internal
recirculation since the latter was opera'.ed by the rotation of the drum.

Internal recirculation served a sixfold purpose: 1) It ensured
continuous contact betweer suvstrate and biomass. 2) It brought about
continuous surface renewal. 3) It dissipated odors of the strong influent.
b)Y 1t equalized exposure of the light to the biomass and brought aboul a

light periodicity with respect to the individual algal cells. §5) It

[T |
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IMPORTANT DIMENSIONS CF VARIQUS COMPONENTS IN THE
ALGATRON USED IN SOLID AND LIQUID WASTE TREATMENT

(24 in. Diemeter x 12 in. Height)

nx
T

[l

Component Dimensions
Algatron Drum Diemeter 61 cm
Radius 30.5 em
Height 30.5 cm
ryn 240
Culture (film) Height 2L.13 em
(film) Surface  4620.0 cm?
(average) Depth 10.8 mm
(approx. max) | Depth 21.6 mm
Volume 5.01
Radial Acceleration 20 x g
Specific Liquid-Air 2
Surface® 0.92k em™* %33
Mixing Probe Position 15.2 cm from base of drum, and
1.5 mm from drum wall.
Position 19.5 em from base of drum, and

Effluent Probe

3.0 mm from drum wall.

aIgnoring internal recirculation and mixing probe ebb.
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&ccomplished a continuous flu.hing &c.lon on the drum wall. 6) It enhanced the

alr-:liquid interrelation.

The flow of culture from the mixing probe (Figure 7, item 12) to
the effluent probe (Figure 7, item 13) was relatively gradual and depended
on the hydraulic loading. DBecause of thls gradual fiow, which in effect
is an infinite compartmentalization, & more highly trested effluent could
be produced than would have been possibi- with conventional systems. It
stould be emphasized that the liquid flow in a centrifugal field of 20 g
(force in the algatron) acts more or less as it it were a laminar flow,
in that there is a gradual movement of liquid and a minimum of short-
circuiting. By providing & relatively intensive internal recirculation,
a controlled mixing was made possible and renewal vas n "single" unit of
volume .

b. External Recirculation. As stated previously, a primary

objective was to work witi. relatively heavy concentrations of blomass,

and thus to obtain those andvantages which accompany the use of thin-

layer cultures. The influent unstable solids concentration remains more
or less at a glven level. In domestic sewage, the nutrient concentration
and BOD generally are quite low (BOD, 200-250 mg/l), end would be scmewhat

higher (BOD, 400-800 mg/1) in waste waters under prolonged space conditions.

Consequently, if a combination of such & dilute influent and 2 biomass of
the density needed to meet the full capacity of the algatron were used,
the hydraulic loading required to furnish an adequate supply of nutrient
would be so great as to wash out the culture.
Idemlly, the biomass concentration in the reactor should be mein-

talned constant. Therefore a continuous recirculation of separated

lowass should be applied. In the experiments described in this report,
variation of blomuss concentration in the reactor was kept witlin a
narrow range by applying a "semi-batch' type of recirculastion of biomass.
However, only average biomass concentrations were recorded, and the extent
of the viability of the bacterial phase as yet remains open to question.
Preferably, & continuous blomass recirculation regulated by an optical

density sensing device should be used.

T
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5.3 Illumination
Lirht was provided by four circular 32-watt fluorescent laiips

placed within the drun and five incaaalocoub isipe (folsenor Plocd, 150

I
]

and %00 wat®) srranged around the outside oi' the drum {ef. Figur e
Light intensities at various rerpions of the drum surface are also
indicated in Figure 8. Since the drun rotated at %33 rpu, the stationary
point light source supplied, to scme extent, &n instantanccus pericdicity
as the culture was rototed between zeones of mawimum and minimum licnt
intensity.

Light intensity was designed to more clesely appreximate that to
be encountered in space than was possible in previous experiments with
the algatron. Even the higher intensities which prevailed in the experi-
ments described in this report are lower than those of the light side of
an orbiting space capsule (10,000 ft-c). This lower than attainable light
intensity indicates that heavier concentrations of biomass could bte
profitarly used in spece.

In our experiments, it was assumed that the culture was light
saturated when the intensity of the light that had passed through the

culture at any given reference point was 200 f+-c.

5.4 Temperature
Owing to the intensity of the light source aad the maintenance

of a relatively constant ambient temperature, the temperature of the
culture remained constant, namely 54°C. £ 1.5°C. The rotation of the
drum, as well as the presence of a la-ge liquid-air specific surface of
about 1 sq cm/cc served to prevent the buildup of heat, which rormally
would have accompanied tke application of an equivalent amcunt of light
energy to a culture growing in a conventional prowth unit, unless the
latter was equipped with an elaborate cooling system.

The small fluctuations in temperature that did take place »sere
the result of variations in room tlemperature (from 22°C to 23°C) and
relative hunidity (from 50% to (:3%). The intersive evaporaticn taring
place in the alpatron had a tendency to cocl the culture, and thus the

observed fluctuations were less thar those of the room toemperature.
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5.5 Medium - Charecleristics

Since an important objlactive of the resenrch was tc investigate
waste trestment and nutrient ramovm) under conditions which would bs zn-
countered in space, 8 heavily concentrated influent was used. The influent
was constituted on the assumption that "liguid” wastes produced in & space
craft would concist of the following: 1) hunan physiological westes (feces
and urine); and 2} wash water--bathing water, dishwater, lauudry water,

and other waters used Iin maintaining cleanliness in the cabin. For our
purposes, the water consumption per astroneut was estimated as being 37.85
1/day on short flights and 18.9 1/day on long flights (six weeks or longer)-
Therefore, influent used in the experiments had the following components:

1) human urine proport.onal to & "standard" man (ef. Teble III for a list

of specifications of a "standard man); 2 feces proportional to & "standard"
man; and 3) primary domestic sewmge. Primary sewage was used to represent
the diversity of wash waters listed above. BSince domestic primary sewage
contalns an appreciatle amount of human physiologicel wastes, in the experi-
ments 1t was diluted with water ona 1:1 basis, It should be noted that

the diluted sewage undoubtedly had a much higher BOD and greater supply of
algal nutrients than that of ordinsry wash water (i.e. water that hes been
used for personal cleanliness). The composition of the primary sewage used
in preparing the influent feed is given in Table 1IV.

TABLE III
WASTE PRODUCTION BY A "STANDARD" MANa

Age « v v v v v s i i e e s e e e s e e s B0 yr
Wedght © v v v v v v v v e e e e s e e e e e e e e 1BL L (TS Rg)
Hedght + v v v v v v 4 4 & o« & o v s v v o 4w 4 s« 5ft 10 4n. (1.8 m)
Diet . . . . . O (63 5. ": 0 §
Physical Activity v e 4 e e s v 4 4 4 e 4 4 4w . . Moderate
Urine Production (average) . . . . © « « v« « . 1200 ml/day
Feces Producticn (average) Wet Weight « v e v v+ s . 180 gms/day

Dry Solids . . SSEERRECRE 16.3%

Volatile Solids® . . . . . 88.0%

Ash L R L S S T 12 . O%

Dry Solids Production . . 31.0 g/day

aln all experimente, human wastes came from the same jndividual,
Except for height, the characteristics outlined in the table are hi

bAShed at 600°C.




TABLE IV

COMPOSITION OF PRIMARY SkWAGE USED 1IN FREFARING TNFLUFNT FEED

s s S e e T
Averaps | BRODEC (mg/1) After Dilution
Item (mg/z) " : dbh;:—u‘ l:%m(avg.)
Mid. . g/1)
BOD 125 &3 it &b
Total liitregen b 20 sl 17
HIPRSTL hh s 69 22
Organic IiP 10 0 21 5
Pnosphorous 21 10 50 10.5
Magnesium 2h 17 33 12
Calcium 26 20 3 13
Total Solids 370 290 kLo 185
Volatile Solids 168 12k 202 8k
Suspended Solids (Total) 92 70 117 b
Suspended Solids (Volatile) 18 - - 39
Dissolved Solids (Total) 278 - - 1%9
pH Tk 7.0 8.0 7.7

8standard deviation, 1b mg/l, i.e., data fairly close to the mean.

L
See discussion in text.

S5.( Medium - Preparation and Sampling

In preparing the influent feed, fecal matter was blended with
water for about three minutes &t high speed in a Waring blender. The
resulting sucpension was passed through a 1.5-mm sieve to remove coarse
fibrous material that may have been present. The washed fibrous material
amounted to less than 1% of the total matter. All feed components were
mixcd together and stored in the feed reservoir (of. Figure 7, item 2).
Influent feed components used in each run are listed in Table V. Frech
feed was prepared each day. Feed contained ‘n the influent reservolr
was mixed once each hour feor 10 mirnutes with en automatically activated

stirrer (Fienre 7, item 1). After the 10-minute mixing peried, the
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reservoir contents were programmed to stand undisturbed for 12 minutes
sc that the larger partlcles could settle out of suspension. A portion
of the remaining suspension was then metered to the influent injection
device by way of an elecironic volumeter snd o Sigma pump (Figure 7,
item $). The Sigma pump was sdjusted 5o that the time required for
transporting the feed from the volumster to the culture vessel was
approximately 20 ninutes. The provision for settling the larger parti-
cleg was a preventive measure to keep the feed line and ¢ther parts of
the algatron system from becoming clogged.

Influent feed ms described in Table VI 1s the mverage composition
of the feed ms it was injected into the culture. The concentration of
some of the components of the feed @t this point was somewhat less than
that of the same components in the original mixture, since some were
removed in the form of settled materisl. Nevertheless, since the feed
reservolir effluent port was placed approximately % cm from the bvottom of
the vescel, most of the smaller settleable particles were carried with
the inf'luent stream into the culture.

Inasmuch as each day's supply of feed was kept in & nonrefrig-
erated regervoir, some decomposition must have tsken place in the
reservoir, and therefore outside the reactor. Samples of the feed were
taken at the start and at the end of each 2L-hour pericd and were
analyzed for the appropriate constituents. Decrease in the BOD of the
stored feed a@s a fcsult of decomposition in the reserveir was curprisingly
low, averaging only about * 5% of the original BOD. The small decline
undoubtedly was due to the state of relative mneerobiosis that inveriebly
prevailed in the reservoir under “ne storage conditicns. These conditions
were the hlgh initial BOD and the anaerobic state of the components.
Possibly the fact that the nonacclimated aerobic bacteria were In the lag
phase of their growth also contributed to the reletively high degree of
stability of the BOD during the first 2h hours.

Despite the diversity of the feed components, fluctuatiors from
the mean values listed in Table VI were small. The coefficient of veria-
tion of the 5-day BOD was only about 5%, depite the Intrinzcie fluctuations
in the BOD test itself. The coefficient of variation of nitrogen conrewn-

tration was approximately G%; and that of phosphorous, 7%.

[ S
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The relative composition of the fued as regards the ratio of
organic to ammonia-nitrogen varied significantly during a 2k-hour ztorage
period in the reservoir. At the stort of 2h-hour pericd, most of the
nitrogen was in an organic form--probably as urea. The ammonification
of the orgenic nitrogen was quite rapid, and at the end of a 24-hour
pericd more than 75% of the nitrogen was converted to the ﬁH4+ form,
whersas in the fresh feed, at least 50% of the nitrogen was in the
organic form.

As judged from the tentative composition of the influent feed,
the latter in turn being based on the characteristics of our so-called
standard man, the organic and nutritive composition of the wastes
discharged by such a man is approximately that described in Table VII.

The average values listed in Table VII are lower than those
usually reported in the literature with respect to domestic sewage
production per capita for en average community in the United States.

For example, a daily ocutput of 50 to &0 g BOD/capita generally 1s used
as 8 basis in designing a treatment plant for an average community.
However, this value represents all sources of domestic sewage, including
such items as toilet tissue, ground garbage, and waste waters from
commercial units, omaell industries, supermurkets, etc. The added BOD
due to these components need not be considered in making estimates of
the BOD of a&n astronaut's daily output of wastes, since obviously all
such wastes will be kept 2t a minimum in a space vehicle or station.

A reasonable estimate of the BOD of the daily wastes produced
by an astronaut would te from 1/5 to 2/5 of the per capita wastes of
an average community. However, to arrive at a more firm estimate, more
information is required with regard to expected organic and nutrient
compocition of the astronaut's wastes. The ultimate BOD of the feed
used in this study may have been as much &g 2 to 3 times that of the
5-day BOD (the type listed in the tables), especially in view of the
heavy concentration of ammonia.

Although most of the suspended solids of the feed were converted
into animate matter in the reactor (according to microscope examinations),
the amount of BOD and algal nutrients in the supernatant of the centrifuged

feed was nevertheless measured. Observations indicated that the suspended
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TABLE V
INFLUENT FEED COMPONENTS

Primary Sewage Total Feces
Run | Diluted 1:1 Liquia A.p.2 (g‘;%‘: ) A.P.2 | wet wt. | A.P.2
(1iters/day) (1iters/day) y (g/day)
1 13.8 1.1 9,75 210 9.175 21 0.19% i
2 13.8 1.1 0.75 210 0.175 Lo 0.222
3 13.8 1k.1 0.75 270 0.222 Lo 0.222
L 13.5 1.1 0.75 540 0. Lhk 80 0.44h ;
5 13.2 14,1 0.75 810 0.666 120 0,666
%P, - Astronaut proportions - based on overall water consumption of
5 gallons (18.9 liters)/astronaut/day and "standard" man (cf.
Table IXI) wnstes characteristics (180 g fcces/day, 1200 ml
urine/day). .
TABLE VI
INFLUENT FEED COMPOSITION®
d
A.p.0 BOD Total® po,® o ca*tt Total Solids Susp. Solids
Run | orante 5-day | Nitrogen (mn?l) (meg/1) | (me/1)
g (mg/1) | (me/1) = = (mg/1) | (% Volat.) | (me/1) | (% Volat.)
RS BT 146 50 1 17 8ul L9 17€ 9
2 | heprox- | 208 156 ‘o 1b 18 926 L9 212 79
3 0.222 238 170 g8 1% 18 9Lo Lg 215 79
4 0. Lk 530 310 110 17 2L 1526 51 34h “1
5 Q.6 810 450 184 21 32 2230 54 50¢ 32

Mt 108 Sampline point -- Fieure 7.
bSee footnocte to Tnble V.

+
Scontaine orcunic rnitroven and I, nitrogen with varyine relative decree of concentraticn
(see text).

dOvcr 930 orthophenphate; polyphesphate varies from 0-107.

TARLE VII
THARACTERISTICT OF THE WASTER DICCHARNGED Y A "CTANDARD” ASTRCIANT

. o Tetalt .= : -
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solids constituted about 22% of the total tolids in the feed. They also

showed that 80% to 95% of the filterable suspended solids (Millipore '
bacteriological filter) were removed frem suspensicn by centrifugation

at 7950 x g for 1% minutes. ‘The proportion of the totzl suspended solids

removed by centrifugation depended on the state of the internal coagulation

of bacterial and macromolecules, amount of finelv divided suspended snlids,

age of the feed, insolubility of orgmniec compounds, etc. The high-speed '
Llending of fecal material, removing coarse fibrous material through

screening, intermittent mixirng, and settling of the larger suspended

solids in the feed supernatant all combined to cause a relatively high

percentage of BOD and nutrients to remzin i.. the supernatant. The

extent of these effects are indicated by the data in Table VITI.

TABLE VIII

PROPORTIONAL COMPOSITION OF FEED SUPERNATANT

1. Settleable Solid
- S“Pef%‘tant e(Cere;:ri?‘uggd; °
Composition )

Avg. Min. Max., | Avg. Min. | Max. .

BOD 89 82 gk 11 6 18
Nitrogen 95 91 98 5 2 9 :

P0,= 88 8k 91 12 9 16

Catt 91 83 95 9 5 17

Mgt 87 75 ok 12 9 16

In recent years many of the researchers engaged in wcrk on the
kinetics of biological systems have resorted to the use of soluble media,
preferably synthetic media (e.g. "artifi.iml sewage"). The information
presented in Table VIII indicates that by properly preparing (blending) ‘
natural wastes, at -t 9C% of the nutrient cont=nt and BOD elther would be

in a soluble form or _u such a finely divided state as to remain suspended
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despite expr re to centrifugation at 750 x g for 15 minutes. The BOD
and the nut , nt composition were fairly constant. By using "natural”
media, the xpected error resulting from the presence of settleable
material } cobably was smaller than the error stemming from the use of
artificia’ media. The latter at best is only an approximatica of

conditions as they are met in nature.

5.7 Biomass - Organisms and Source

The bacl rial phase of the biomass consisted mostly of types
found in natural sewage, since sewage was the suspending medium. No
attempt was made to maintain & uni-algal culture. Instead, those types
of algae were fostered which adapted or adjusted themselves to the
unique conditions found in the algatron. A reservoir of strains and
species of algae and bacteria as constituted by the algatron provided
a safeguard against the loss of a particular strain or species, and at
the same time ensured the dependability of 1he biological phase of the
system. Occaslonally, however, algae obtained from cultures maintained
at a higher temperature were used to augment the number of algae in the
reactor.

The compesition of the initial cultures are outlined in Table IX.
It should be noted that an all-bacteria culture was used in runs 3b and
4b. The bacteria used in these two runs were obtained from a pilot
activated sludge sewage treatment plent. The two runs were conducted to
provide information for comparing the treatment capacity of an activated
sludge culture with that of a mixed culture of algae and bacteria, both
being grown in an algatron.

Chlorella spp. geherally constituted the predominant algal group.
On occasion, when conditions were suitable, Oscillatoria spp. became
the more abundant type. In the studies a comparison was made of the
treatment capacity of one type of culture (Chlorella) with that of the
other (Oscillatoria).

5.8 Biomass - Concentration

Reproducible results require that the density of the biomass be
kept at a constant level. One method of maintaining a given degree of

concentration is to regulate the hydraulic detention period to coincide
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TABLE IX
RELATIVE COMPOSITION OF INITIAL ALGAL CULTURES ¢
Temp. R R '
Source Renge ?roport}on Approx1?ate
Run of in in Initial Algal Proportion
Culture Species in Source
Culture Source
(°c) (%) (%)
1 Stock Bath 25.38 100 Chlorella < 95
Oscillatoria | > 5
Others traces
2 Stock Bath 35.38 T0 Chlorella < 35
Oscillatoria > 5
Others traces
Microterella| 33-37 30 Chlorella 50 (approx.)
Oscillatoria 50 (approx.)
Others traces
3a |Btock Bath 35-38 T0 Chlorella < 95
Oscillatoria > 5
Others traces
High-Rate 20-33 30 Scenedesmus < 80
Pond Chlorella > 20
Others < 1
3b |Activated - . _ '
Sludge Unit 20-26 100 nonz |
La |Stock Bath 35.38 30 Chlorella < 95
Oscillatoria | > 5
Others traces
High-Rate 20-33 50 Scenedesmus < 80
Pond Chlorella > 20
Others s 1
Growth Units 22-25 20 Chlorells + 99
Others traces i
bv JActivated
Sludge Unit 20-26 100 none --
5 Stock Bath %5-38 én Chlorells 95
Oscillatoria 5
Others traces
High-Rate 20-3% 4o Scenedesmus 80 ,
Pond Chlorells 20
Others > 1
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with the biological detention period. The latter is determined by the
rate of growth of the organisms involved. However, since the hydraulic
logding has & given level in most casesc in practice, varying it to provide
"stesedy state" conditions with respect to concentration would have been
undesirable. Moreover, if the organic and nutritive loadings constitute

a variable under investigation, varying the hydraulic loading would involve
corresponding deviations in the concentration of the medium--agein a
departure from conditions in practice. It should be emphasized that,
particularly in a closed system, both the volume of the liquid wastes and
the concentration of the wastes are predetermined with a high degree of
accuracy. Thus, the hydraulic and the organic loadings are apparently
established at a given level, which is determined by amount of water
consumption and waste discharge rates, and which cannot be altered to
maintain a steady state with regard to culture concentration.

A method of maintaining a biomass at a constant concentration
without interfering with the hydraulic and organic loadings is to re-
circulate a part of the separated biomass slurry. By means of such a
recirculation and because of the relative retention of the algal cells
in the algatron, 1t is possible to buildup & relatively heavy concentra-
tion of algal cells, even with a very short hydraulic detention period.

The biomass was maintained at an average of 2060 mg/liter. At
this concentration, the light intensity was sufficiently great as to
ensure light saturation in the culture. The culture was judged to be
light saturated because with only one surface of the culture illuminated,
the light intensity at the nonilluminated surface was 200 ft-c.

The influent was introduced into the reactor at the rate of 1k.1
1/day. This loading rate was equivalent to & 0.36-day detention period,
since the reactor volume was 5 liters. Under conditions other than those
encountered in the algatron system, such a short detention period would
have necessitated a high return recirculation rate, since the blological
detention period ranged from 0.7 to 1.5 days. However, since the evapo-
ration rate averaged 8.0 liters/dayg the apparent detention period
(reactor volume/effluent discharge) was 5.0/6.1 or 0.82 day. Whenever the
biological detention period exceeded 0.82 day, the excess was centrifuged

and the centrifuged bicmass was returned to the reactor twice daily so as

e b
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to maintain the biomass at approximately 2060 mg/l- When the biological
detention period was less than 0.82 day, biomass was withdrawn from the
reactor twice daily.

Some variation in biomass concentration occurred within each 24-hr
period beceuse recirculation of the biomass hod to be asccomplished on a
"semibatch' basis, i.e., centrifuging and returning twice each day. This
variation was * 220 mg/1.

5.9 Results
a. BOD and Nutrient, Reduction. The extent of the reduction in

BOD and nutrient concentration is indicated by the summarized data listed
in Table X.
Reduction in BOD in excess of 95% was cbtained in almost all of
the experimental runs. BOD reduction as great as 2.16 g (5-day BOD)/liter
of reactor volume/day was obteined ir one run (run 5). Such a reduction
is the equivalent of a 23.k g reduction per sq meter of reactor surface
per day. Minimum reducticn was 1.05 g BOD/g of reactor suspended solids/day.
Extent of BOD reduction was about the same regardless of whether
a bacterial biomass or an algal-bacterial bicmass was used. This similarity
indicates that perhaps at the organic loadings applied (maximum O.4bk A.P.,
ef. Table V) the rate of oxygenation was fairly adequate regardless of
whether or not oxygen ceme from the ambient atmosphere or as a result of
algal photosynthetic activity.

b. Nitrogen Remcval. Nitrogen removals as high as 80% were

obtained in the experiments in which algal-bacterial cultures were used.
In those in which bacteria alone were used, most of the nitrogen was
converted to nitrate. Maximum removal of nitrogen was 1.08 g/l reactor
volume/day, or 11.7 g/sq meter/day.

Despite the extensive removal of nitrogen, the nitrogen concen-
tration of the effluent exceeded that which would be permissible in those
cases vwhere there is to be a final effluent. The reason for this condition
was the heavy nitrogen content of the influent feed.

¢. Phosphorous, Calcium, and Magnesium Removal. Phosphate removal

averaged about 60% in all experiments in which algal-bacterial cultures were
used, and only about 34% in those in which bacteria alone were used. Varia-
tions in phosphate removal probably were the result of varying degrees of
precipitation.

L
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From 25% to 50% of the calcium and magnesium were removed. As
with phosphate, the variations in extent of removal probadbly were a
fuaction of different degrees of preciplitation.

d. Relative Capacities of Chlorella and QOscillatoria in Treatmenti.
According to the data listed in Table X, the extent of reduction in BOD,

nitrogen, phosphate, calcium, and magnesium was slightly greater in the
run in which Qscillatoria constituted the predominant algal type than in
those in which other algal types were the more numerous. No detectable
difference with respect to treatment was observed between Chlorella and
Scenedesmus. However, in experiments in which Scenedesmus was introduced
as the predominant algal type, Chlorella nevertheless soon superseded it
in numbers if not in biomass.

e. Biomass Growth Rates. Biomass was related to total suspended

solids assumed to be almest entirely animate in composition. Inasmuch
as the concentration of biomass in the reactor was held fairly constant,
it is possible to compare transfer yield values with those for specific
growth rates. These values are summarized in Table XI and plotted in
Figure 9. The relation between organic and nutrient loading to yield
was linear. This indicated that at its relatively heavy initial concen-
tration of biomass, the system was not loaded to its full capacity. The
specific growth rate of the activated sludge biomass {ef. runs 3b and &b,
Table XI) was lower than that of the symbiotic biomass.

f. Water Regeneration. Water evaporation rates were measured

daily. During a 3-month period of observation, the rate was 1.6 liters
/liter of culture volume, or 17.3 liters/sq meter of culture surface.

It averaged from 1.4 to 1.8 liters/liter -32y. The coefficient of varia-
tion was less than 6%. The high rate of regeneration obtained in the
experiments, namely 17 liters/sq meter, indicates that this function
could be easily carried on in an integrated system.

g. Oxygen Regeneration and CO- Absorption. Although the exact

estimate of the algal growth within the Triomass in the algatron cannot
be made with the information at hand, it is possible to arrive at some
concept of tne amount of oxygen produced in the system. Making the
extremely conservative assumption that only 50% cf the symbiotic biomass

was algel in nature, the algal yield in run 5--the highest attained in
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the experiments--vas 1370 mg/liter-day, or 14.8 g/sq meter-day. Assuming
1.5 g of cxygen produced per gram of algse grown, the oxygen producticn
was on the order of 23.8 g/sq meter-day.

In considering these results, it should be noted that the culture
wes axpossd tc only an atmospheyic cohdeniration of C0u, namely 0.03%,
The only other source of COz; was thet resulting from the decomposition of
organic matter in the reactor. Higher yields and greater efficiencies

would doubtlessly result in an atmosphere containing more COp.

6. REAERATION RATE

Since one of the advantageous features of an algatron is the high
rate of gas exchange that can be attained with its use, a study was made
of the rates of aeration that could be accomplished in the unit. An
algatron with a horizontally oriented drum was used in the study. A photo-
graph of the unit is shown in Figure 10. Except for feed and gas inlets
and outlets, the unit was sealed at both ends. Other than the use of
24 -hour settled sewage in one series of experiments, boiled distilled
water was used as the liquid in most of the experiments. The sewage was
used because its oxygen demand would increase the amount of oxygen required
to reach saturation, and thus provide a wider range of oxygen uptake than
was found to be possible with distilled water. Oxygen uptake rates were
determined with the drum stationary and with it rotating, the former
serving as a control. Liquid was passed through the system at rates
equivalent to detention periods of 0.68 to 5.2 minutes. (The shortest

possible detention period with the equipment was 0.6€ minute.) Two

volumes of liquid were used, namely S50C ml and 750 ml. The surface-to-
volume ratio of the stationary liguid at the former volume was 0.3¢ and
at the latter, 0.26.

The results obtained in the experiments are listed in Table XII.
As the data indicate, with the distilled water volume at 500 ml (21% of

the volume of the drum), rotating the drum broupht about a dissolved

oxygen concentration slightly in excess cof saturation at all detentlorn
periods tried. The percent saturaticr ranred frem 2 te 3¢ with the <drum

stationary. At a volume of (50 ml (%1% of drum capaciiy), 170% caturat.un
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was reached at the l.2-minute’ detention period when the drum was rotating,
and 45% with it stationary. Lengthening the perio¢. to 5.2 minutes brought
it to 49% when the drum was stationary, and 104% with the drum rotating.
The rate of reaeration was considerably less when sewage waé used and the
drum was kept stationary, ranging from 17% to 26% at detention periods of
0.66 to 3.6 minutes; and from 83% to 98% with the drum rotating. The
volume of the liquid was 500 ml in both cases.

7. DESIGN CONSIDERATIONS

T.1 Recirculation of Biomass in the Algatron System

a. General Considerations. The regeneration of heavy biomass

concentration is a very important feature in the use of the algatron for
life support systems within space vehicles. Using a concentrated active
biomass would be advantageous to any blological reactor (usually applied
in thg fermentation industry and in biological waste treatment) in order
to reduce the reactor volume requirements and. costs of construction and
maintenance. The requirement of reduced liquld volume, however, is
critical in space life support systems.

The liquid discharge (reactor influent) is a fixed designed value
which depends on the water consumption and waste discharge, values which
are given according to the designed living conditlons of the astronauts.
Moreover, the organic and inorganic concentrations of the waste liquids
depends on the given volume of total liquid discharge, since there is no
absolute amount of organic and inorganic waste per astronaut.

From past experiments, it seems that oxygen generation is the
major design factor; i.e., the oxygen requirement will determine the size
of the biological reactors (volume and surface area), since the volume
needed to meet the oxygen requirement of a space vehicle crew is greater
than that needed for waste treatment, nutrient removal, and fresh water
regeneration.

According to Beer's law, for a given light intensity, the concen-
tration and the depth (volume) are inversely proportional. It was
demonstrated that the maximum light conversion efficiency does nol coincide

with iight saturation of the culture, nor with constant illumination.

. PN PR
Best Avaiizoic Gop,
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Consequently, in a continuously mixed culture, the maximum light conver-

sion efficiency, i.e., the maximum net yleld, will lie at a concentration ;

which is somewhere below that of light saluration conditions. |
Figure 11 shows graphically the expected relation between the :

biomass concentration (X;) and the specific growth rate (u). The combined

effect of available light for the photosynthetic biota and the general

effect of density is expressed in the relation p = f(¥;) for a given

culture depth (reactor volume). Since the yield is a product of the <

specific growth rate and the concentration, the maximum yield can be i

computed:

dy _ dXgw) _ & £(X3) _ 0

=

axy - TdX. d X1

For a given algatron culture depth, a given light intensity, end
a constant loading velocity L, (mass-ratio of substrate to organism),
and preferably for & constant substrate removal rate (M) per unit of

organism mass, the concentration of biomass corresponding to the maximum

yield can be found experimentally. In the last set of experiments a
specific growth ra*te of 1.33 day'l was observed when the bicmass concen-
tration was 2060 mg/l, and the net yield was 2745 mg/liter of culture per
day .

1t is assumed that with concentrations of 3200 to 3700 mg/l, the
specific growth rate will remain above 1.0 day'l for the same light
intensity and reactor volume (constant culture depth). Thus the net yield
is increased to a maximum level of about 3.5 grams biomass per liter per
day. To k:ep the same organic loading velocity, the BOD loading should
be increared from 2280 mg per liter of culture per day to approximately
4000 mg B)D per liter of culture per day. Since the BOD concentration in
spacecraft waste waters are assumed to be constant at approximately
80 mg/l (cf. run 5, Table VI), thke hydraulic loading to the reactor should
be 5.0 liters of feed per liter of culture per day, as comparea to the
2.81 liters/liter-day applied in run S (cf. Table VI). The hydraulic
detention period (influent) would then be 0.2 day instead of 0.355 day.

. Best Available Copv:
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Since the evaporation rate in 2 given reactor is nearly constant
and can be considered independently ¢f the hydraulic loading, the deten-
tion period based on the effluent is decreased considerably, once the
hydraulic loading is increased. Thus, using a detention period of 0.82
day, as based on the effluent characteristies in run 5 (ef. Table VI),
the increased hydraulic loading would reduce the detention period to
about 0.3 day or less.

The maximum attainable growth rate is about 2.0 day‘l; i.e.;, a
biological detention period (organisms' "age") of 0.5 day. In practice
and under optimal conditions, the specific growth rate will fall between
1 and 1.6 day"l or a biological detention period of 1.0 to 0.625 day.
Once the hydraulic detention period is shorter than the biological one,
the concentration of organisms will decrease, since the culture eventually
is "washed out." On the other hand, when the hydraulic detention periocd
is longer than the biological period, the concentratior of the biomass
increases until some equilibrium is reached (usually at a concentration
corresponding to a reduced yield).

If the hydraulic detention period cannot be adjusted to coincide
with the biological specific growth rate (which is a relatively fixed
value) to obtain maximum yield, two alternative methods can be used to
overcome the "washing out" of the culture: 1) Adjust the retention of
the biomass; 2) Separate the hydraulic and biomese phases and recirculate
the biomass. Both methods are used in classical waste trzatment--chiefly
in trickling filter and in activated sludge systems. The algatron system
can utilize each system, or a combination of the two.

b. Retention of Biomass. A highly concentrated biomass is

retained on the filter medium (coarse gravel) due to the cohesive character
of the gelatinous-like biomass. The liquid wastes are continucusly flushed
over the biomass, while the substrate is utilized by the organisms through
diffusion. Thus, taking into account the liquid phase which has a
momentary contact with the biomass, a high concentration of biomass is
maintained despite a high hydraulic loading, and no flushing out of the
culture takes place. The biological yield in such a system is extremely

low. The effluent has a relatively high concentration of KOs and PO,.

lost Available Cepy



50

The retention of biomass despite a high hydraulic loading is
easily attained in the algatron system, and retention is controllable
to a high degree. The continuous centrifugal field prevailing in the
algatron results in the accumulation of biomass at the outer part of
the liquid phase and a much reduced concentration at the inner part.

By using baffles and by varying the position of the effluent probe,

i1 is relatively easy to maintain a high concentration of microorganisms
with a rapid flowthrough rate of the liquid phase. This is illustrated
by the sketch in Figure 12.

Making the algatron system solely dependent on biomass retention
results in certain problems. 1) Mixing of substrate and biomass as well
as exchange of gas would be hindered. 2) Uniform exposure of the biomass
to light would not be attained. Thus, cells close to the drum wall
would be overexposed, while those farther away would be underexposed.

3) Cells which were carried out with the liquid phase in the effluent
would tend to be the smaller cells, and therefore the younger and more
active cells. The larger cells, i.e., the older and less active ones,
would tend to be retained. These problems could be minimized somewhat

by the application of a more suitable mixing device and by use of internal
recirculation systems. It appears preferable that the retention effect

be used only as a part of the waste treatment method.

¢. Oeparation and Recirculation. The reéctor effluent is

centrifuged so as to be divided into & relatively high concentrated
slurry and a relatively clear liquid phase. The separation also can be
accomplished by settling (as in activated sludge treatment). The former
method is the one to be used in establishing an algal-bacterial symbiotic
biomass, since it accomplishes treatment rapidly and with a lower volume
requirement. Most likely the separation and recirculation of a part of
the biomass slurry will necessitate the use of an additional mechanical
unit. Inasmuch as the removal of nutrient as well as the reuse of water
within a spacecraft involves the separation of biomass frbm the liquid
phase, the use of a part of the slurry for recirculation seems to be the

most logical approach.

Poet foraiialnia Oy,
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d. Recirculation Oystem Design and Calculations. The design is

Alncramrel ln Wiore AL The fnllowing iz 8 gleoseary of the symbheols tsed
Inothie Dieure
y = Recirenlation ratio = R/F .
T e
v, = Recirculation ratio = R/J Fooa R/Fi =7 /J
i e ! e

B, = Evaperaticn rate (1/day).

F = Flow rate bused cn effluent = (F; - By), (1/day).

F. = Flow rate based on influent (1/day).

J = Flow rate ratio - Fi/Fe (Gae to evzporatiocn in the reactor).
pu = liet specific growth rate of the biomass (day'l).

= Reciyeulation flow rate (1/day).

= Concentration factor = Xl/Xr for cellular recycle.

'
R. = Ratio due to reactor retention effect = Xl/Xl (Rr = 1 when no cells'

r retention occurs in the reactor).
= Hyormulic detention period (residence time) based on reactor effluent
N (days) = V/Fe.
v, = Hydraulic detention period based on influent = V/F, = v/J F, = Ge/J.
V' = Reactor volume (liters).
X, - Bicmasc cencentration ir the influent (mg/1).

£1 = p'cmass concentration in the reactor (mg/l).

-

X1 = Piomags concentratic Tocotipe +he reactor due o reactor retention
(X = X1 whero . S .curs in the reactor).

X = RBiomass concentration in the recirculated fluid = after separation
(mg/1).

Calculations: Oince X3, the blomass in the reactor, is constant
(svendy state condition pius optical density control), a cell continuity
equatlion zan be given:

v d_xl . - a = N
v F X, +RX, +u X3 V- (F, +R) XaR, =0 . (1)

STE

it lo acsumed Lot X = 0 therefore,
o
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FIGURE 13. SCHEMATIC DIAGRAM OF ALGATRON RECIRCULATION
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by substituting

W

the following equation can be derived:

¥y F R F vy F
. e e Y, g . e e
n Vv vV 'r VR
c
since EE 1
V6 .
e
7 L]
I .2 2
M T & e Rr * Rr R (2)
e c

further transformation will give

uw 6 -R
y = et L (%)
e R - Y g
r R
C
1
When X3 = X1, Rr =1, or
m, 7= 1 ’




’ ]
: \ . - . :
: Jinee v, = = Eguations 3 and hocan te written
5’ R~. --
’ 6 -R w_oJg o, - R RO, = e -
M e r et Ty roon b d .
Y, = T e > 7]
1 1 , 1

T (R, - = J (R - ~—) R, - &=

' ( r R, r R, r R, -
- ' ’ I3

1
or similarly when Xy = X3

As an example, let us consider the situation of maximum vield
per unit volume of reactor (i.e., V = 1 liter) with
X1 = 3500 mg/1

o 2 2 .
9 0.2 day

6, = 0.3 day (besed on evepcration rate E = 1.7 liter/liter-day)

X, = 2% = 20,000 me/l (concentration of slurry citer separater)

1.0 day~t

5.0 liters/day

3.3% liters/day
0

:521'9
5,500 _ 5 1o
35,000 = 21T

Ansuming Rr = 1 (ro rotention

Tne realireulaticn rIcw rate R = 0§

Therefore, for cne Liter of regeLor vo




56

F, = 5.0 1/day, the recirculation flow rate is approximately 0.5 1/day,
i.e., 10% of the influent flow should be recirculated (74 = 0.099).

The effect of cell retention in the reactor on the recirculation
rate can be illustrated as follows: If the retention is such that the
concentration of cells in the effluent is cqual to 70% of the concentra-

tion in the reactor,

Rr = 0-7
Then
y = 1.0x 0.3 - 0.7 = 0.08
¢ 0.7 = e
0.175
and
7y = 0.053

Therefore, only 5.3% of the influent flow should be recycled as compared
to 10% in the forner case.

The effect of the concentretion of the recirculated fluid X., on
the recirculation ratio ie quite significant. Assuming the same conditions
as in the first example with only Xr being reduced to 15,000 mg/l instead
of 20,000 mg/l, it can be shown thet

RC = 0.234
Ve T 0.214 and
YE 0.1k2 .

Thus, a reduction of 25% in the concentration of the recirculated fluid

results in an increase of more than 40% in the recirculation flow rate.

7.2 ihe Integrated Biological Syctem

Using results obtained in run 5 (cf. Table X), it is possible to
design an integrated biological system for the wastes of a '"standard"
astronaut. The design is summarized schematically in Figure l4. The

design takes into consideration waste treatment, nutrient removal, and
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water production. T4 18 not complete in that it does not include oxygen
production and carbon dioxide sbsorption. According to the design, each
day's wastes of a single astreonaut wonld be converted to 21 liters of
liquid wastes having 17 ¢ BOD (5-day), 9.5 g nitrogen, and 3.1 g of
phosphate. This liquid would be applied to a primary algatron having &
culture volume of 7.5 liters or 0.7 s5g meter wet (i.e., culture) surface
area. Effluent from the primary drum, approximately 9.1 liters in volume
(less in volume than the influent because of evaporation), would be
applied to & secondary aigatron. The drum area of the secondary algatron
would be 0.5 sq meter. Thus the total drum ever would be * s5q meter, and
the total culture volume, 10.8 liters.

Effluent from the secondary algatron, about 3.9 liters in volume,
would be mixed with the wastes applied to the primary unit, or would be
evaporated to produce water and dry solids. Thus, from 17-21 liters of
low temperature distilled water would be produced each day by the oystem.
The dry solids could be stored.

The cor..entration of biomass in each algatron would be maintained
at 2000 mg/l, preferably by using a continuous recirculation of biomass
operating in conjunction with an optical density sensing and control
device. A bulk of about 20 grams of biomass would be removed from the
system each day, dried, and then stored. In this way, carbon and other
nutrients would be removed. The process, as well as storage of dried
algae, should be nearly odorless.

If respiratory oxygen generation and COz absorption are included,
more algatrons are needed. A complete description of the physical system
visualized for microbiological waste conversion and life support was set
forth in the Second Technical Report of Project No. 8659, Task No. 86590,
April 1965 [4].

Considerable modification of the system reported in 1965 is
plausible in the light of added information collected during tne current
year. QOne possible major revision would be the reduction in volume of
algal-bacterial cultures in direct proportion to algal yields (which are
now 2.75 g/liter-day as compared with 1.5 g/liter-day in the earlier
experiments). The indicated volume of culture reguired to support two

astronauts 1s now 1.5/2.75 ¥ S50 = 300 liters, and inasmuch as a 4.78-cm
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length of an 18 in. diameter algatron is required per liter, the total
length of algatron reguired is 1430 cm. At 122 cm length per L-ft unit,
the number of required units is 2430/122 = 11.8 or approximately 12.
Thus, the projlected number of 18 in. x 48 in. algatrons reguired to
support two men has been reduced from 22 to 1l2. However, it should be
pointed out that reductions in the number of algatrons balow 10 may
restrict water yield and the refrigeraticn capacity of the water reflux
system; hence, it is unlikely that l=ss than 10 elgatrons would be
emplo;.d in the system when two men are present regardless of the
possibility that the theoretical regeneration volume could be further
reduced.

Calculations indicate than an extended aeration activated sludge
system for two men would have a volume of about 2 cu ft, a power require-
ment of 1/4 hp continuously, and weight of about 250 pounds. Due to
savings in light, the energy of which would be absorbed by bacteria in
an algal-bacterial system, the number of algatrons required to support
two men could be reduced from 12 to 10 or less. Since each algatron
weighs about 150 1b, a savings of 50 to 100 1b could be expected to
result from separate treatment of wastes with extended aeration activated
sludge. Use of a thermophilic activated sludge could further reduce the
volumes and weights required without sacrificing evaporation capacity.

Technical difficulties with the microterella and the algatron
have stemmed prinarily from the miniature size of the systems rather than
from the biological reactions of the systems. It thus has become clear
that, to be most effective, further meaningful research with closed
ecological systems must be done ¢on & full scale with human subjects.

The improved effectiveness of research with human subjects will
stem from the fact that internal operations and management car be carried
out by the experimental subjects themselves, thereby improving reiiabpility
and vastly increasing the amount of valid information that can be obtained.

The studies already completed clearly indicate that through a
combinetion of biological and physical systems, it should be possidble to
regenerate alr and water indefinitely in a manned isoleted system utilizire
sunlight as the primary source of energy. Food, however, will ke a _imiting

factor because algae can only be utilized to a limited extent as & fcod for
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man, perticularly when grown directly in his wastes. Thus, it is concluded

that new (nonregenerative} food must be supplied to man in such a system.
For voyages of lenpthc anticlpated for the foreseeable future, abont one
pound of dehydrated food per day per man should he aufficient te mest his
basic dietary needs. The nitrogen content of one man's food will be about
20 grams, whereas the nltrogen needed in the production of algae required
{0 meet one man's daily oxygen requirement will be about 40 grams. Thus,
the deficit in nitrogen between numen diet and algue is about Z0 grams per
day. This deficit must be made up with supplementary nitrogen. At 20
grams per day the supplementary nitrogen requirement would be about 20
pounds per man per year. Similar calculations indicate that about tu»
pounds of phosphorus and perhaps one pound of trace minerals would also

be required to supplement human sewage as a nutrient for algae in order

to maintain an efficient regnerative culture. Thus, about 40O pounds of
dehydrateda foods and mineral supplements w'll be required per man-year.

As these substances are utilized, dehydrated alge: will be produced in
the system and stored in place of the food and supplements consumed.

Even numbers of algatrons are essential in sny real space system
and the units should be counterr<tating for gyroscopin stability and
control. Physical principles irnilcate that a fine degree of rotational
control of the entire system could be atteined by shifting mass within
the counterrotating aigatron units. In a weightless environment, 1t is
possible that one-third of the rotating units could be placed with their
axes at right angles to each other in the X, Y, and Z axes of a space-
craft, In this case a minimum of six algatrons (two on each axis)
counterrotating could give complete internally controlled orientation of
a craft without use of external Jets and consequent loss of mass.
Probvlems of illuminatvion would, of course, be increased by having the
slgatrons oriented along three different axes.

Figure 15 shows ¢ -matically how & section of a large toroidal
space station would look wi h the intensely illuminated algatron chambher
separated from the gently illuminated living and control chamber.

Figure 1€ shows how the algatrons in such a space station would appear
as viewed from the sun. Unevenly loaded counterrotating algatrons at the

periphery would impart a clow spln to the system which in turn would impart
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FIGURE 15 .

SCHEMATIC DESIGN OF TOROIDAL SPACE STATION SHOWING
ALGATRON IN ILLUMINATION CHAMBER



TR

6o

uRmRR

FIGURE

16. ARTIST'S CONCEPTION OF HYPOTHETICAL SPACE STATION WITH
ALGATRONS VIEWED FROM THE SUN
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a slight artiflclal gravity, thus meking conventional ¢ontrol systems
oparational and providing a mors comfortable envirenment for the crew.
The University of Califernin has independently undertaken the
task of actunlly constructing & full-scale, manned ecological syoten
patterned after the microterella. The system will bte completed in ourly
1968. In it two men will be completely isolated from the cutside
environment and will be supported by the system deseribted ir simulated
voyeges of incremsing durations. Microbiological regeneration of the
men's wastes into oxygen and potable water will bte studied In detail
as will the men's nutritionzal and other physiological and psychelogical
requirements. Results of studiec »rhich will te made with this closed

regenerative system will be highly pertinent to long-term life support
in lunar bases or in permanently manned orbiting stations.

8. SUMMARY AND CONCLUSIONS

8.1 Microterella

During the third year of the contract period, an algatron was
installed in the microterella and sultable adaptations were made to
accommodate for the necessarily high degree of miniaturization made in
fitting the algatron in the unit. Experiments performed with the use
of the modified microterella involved the effects of variations in amount
and manner of illumination, length of detention pericd, and concertraticr
of urea additive ¢n slgal yield. The permissible urea dosape wac fcound
to be less with the algatron system (100-150 mg/1 of medium) than it was
with a conventional batch-type culture (250-300 mg/l of medium). A
meximum yield of 2.8 g/liter-day was attained at a detention puiiod of
0.75 day, urea dosage at 100 mg/l of medium. Thic maximum yield was 12%
greater than that obtained with the batch-:;pe of culture systen. I
addition to the genetic factors, light apparently wac the limitine facter
in the study, since the algal concentration of the culture was almost the
same at 0.75+ and l-day detention period; the wicld, e wcurse, wuc lower
for the latter period.

8.2 Algse Nutrient Removal

Two algatrons, # £+ high and 1% in. in diameteyr, were uged 1o %e

experiments on algae nutricnt remcwval. Apprez.mately Toh el fha ool
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total nitregen, 35% ot the NH4-M, 30% of the phosphate, 40-72% of the

caleium, and tone of the wagnesium wore removed frow the incomineg v 4ium i

at & daily inpui rate rcquivalsnt to thet of the culture volume and a
liguid output of about two-fifths of the culture volune. Three-fifths of .

the incoming liguid was lost by way of evaporation.

o

8.3 Waste Treatment

The oiady o wacty treatmert fnvelved the vae of two systems.
In one the solid wastes received pretreatment in a specimlized treatment
unit before discharge into an algatren Tor additional processing. In
the second, the sclid wastes were discharged into the algatron without
pretr:atment, except for bveing ground in a Waring blender.

a. Pretreatment - Algatron Arrangement. The pretreatment unit

consisted of a compenent whose successful function depended upon the

difference in settling characteristics between algal cells and those of

activated sludge. At e loading of 2.1 g feces (dry weight) and Th ml

urine/liter-day (BOD from 875 to 1061 mg/l), effluents were produced that

had a BOD as low as 15 mg/l‘ Algal concentration ranged from 975 to 1475 .
mg/l. Operational difficulties encountered in the study originated in
the tendency of the recirculation probe and connecting tubing to clog;
end in the carryover of fecal and of bacterial floc particles from the
pretreatment unit to the algatron.

b. Direct Injection of Solld Wastes. The tecond svstem involved

the application of the accelerated symbictic blomass principle to the
algatron system. The applied loading ranged from the equivalent of 18.5%
to (6% of the fecal and urine cutput of a 75-kg (165 1b) male. The BOD
of the influent ranged from 242 mg/l at the lowest louding to 810 mg/1

at the highest. The BOD of the effluent ranged from 1b mg/l at the lowest
loading to 79 mg/l at the highest. Influent ritroger (KJjeldahl nitrogen)
ranged from 14 mg/l to a maximum of 490 mg/l. KEffluent nitroeen ranged
from 55 mg/l at the lowoot leading to 152 mg/l a* the highesi. Iufluert
phosphate leading ranged {rom S8 mg/l ta 1h# mm/l. Effluent coucentration
of phosphate ranged from 31 mg/l (lowest loading) to *9 me/1 (hiphest
leading). On the basis of the results, frem 0.93% to 0.155 5q meter of
drum wall area would be needed prr milogram of body welpht to treat body ’

wastes Lo the exient generally required in terrestrial applications.
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¢, wWater Regeneration. Water evaporation rates were measured

regularly. The evaporated water may he condensed and nsed to meset the
vater requirements of the crew of a space vehicle! inasmuch as it is &

low temperature dictillea water, it is free frcm the chlecticonable
distillates that would be present in water produced by conventicnal high
temperature distiliastion of untreated wastes. During a three-month

period of observation, the rate was 1.6 liters/liter of culture volume,

or 17.% liters/sq meter of culture surface. The high rate of regeneration
obtained in the experiments indicates that this function can be easily

carriea on in an integrated system.

8.4 Design Considerations

The design of an integrated biological system for treating wastes
of & "standard" astronaut is presented. The system consists of a number
of slgatrons divided into several series each with two algatrons acting
in tandem. The total number of series per astronaut would be dependent
upon the functional efficiency of the pairs of algatrons., The astronauis!
vastes after being homogenized in waste water are applied to the primary
algatrons for initial treatment and preoxidation. Effluent from the
primary algatrons are passed to the secondary algatrons for further
treatinent. Effluent from the secondery algatrons can be used in homoge-
nizing the astronauts! wastes for application te the primary algatron,
or can be evaporated to produce water and dry solids. The latter can
be stored or can te sublented to further decomposition. BSufflcient low
temperature distilled water to meet all of the astronauts' water require-
ments would be produced as e result of evaporaticn from the alyatron
cultures. Storage as well as treatment would be entlrely cderlesc

functions in the system as decigned.
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